The lack of ideal photosensitizers is the major limitation for clinical photodynamic therapy (PDT). Quinacridone (QA) is a mass-produced industrial organic pigment. QA derivatives are widely investigated for many applications in various fields, but rarely involved in biological applications. Here we report the PDT effects of N,N'-bis(methylpiperazinylpentyl) QA (QAP) in cells and in vivo. QAP shows low dark-toxicity and high photo-toxicity in cells through generating reactive oxygen species (ROS) under irradiation; and greatly inhibits the tumor growth in a mouse subcutaneous xenograft model after irradiation with a 532 nm laser. The high photodynamic efficiency of QAP shows the great potential of QA derivatives to be a new class of leading compound of photosensitizers in PDT.
Introduction
Photodynamic therapy (PDT) is a noninvasive method for cancer treatment and antimicrobial therapy [1e5] , which has attracted increasing attention recently. This method combines three nontoxic components, photosensitizer, light and oxygen, to produce reactive oxygen species (ROS) that attack the intracellular structures, resulting in damage of the cellular structure and function [3, 6, 7] . The photosensitizer is undoubtedly the most critical element in PDT; therefore great effort has been made to seek good photosensitizers over the past decades. Several types of photosensitizers including porphyrin derivatives [6, 8] , cyanines [9, 10] , xanthenes [11e13], phenothiazines [14, 15] , anthraquinones [16] , BODIPY (boron-dipyrromethene), transition metal complexes, and natural products such as hypericin [17, 18] , riboflavin and curcumin have been investigated [19] . A few porphyrin-based photosensitizers have been approved by the Federal Drug Administration (FDA), and some other compounds including non-porphyrin photosensitizers are being evaluated in clinical trials [8, 20 ]. An ideal photosensitizer should possess strong absorption in a longer wavelength range, produce a good yield of ROS, and have a minimal dark toxicity and favorable pharmacokinetic properties [6, 8, 21] . However, with these disparate requirements, few compounds can satisfy these requirements, which may be the main reason that PDT has still not been accepted as a first line treatment option. Therefore seeking new leading compounds for PDT is necessary.
Quinacridone (QA, Fig. 1 ), a common mass-produced industrial organic pigment with exceptional color and weather fastness, and has been widely used in art/industrial paints and printing inks. QA derivatives usually display strong absorption and high photoluminescent efficiency in dilute solution and good photo, thermal and electrochemical stability in the solid state, thus a variety of QA derivatives have been synthesized and widely used in chemical sensing [22, 23] and organic optoelectronic devices, such as photovoltaic cells [24] and organic light-emitting diodes (OLEDs) [25] . However, few QA derivatives are involved in biological applications. In a previous paper, we reported the interaction of QA and three QA derivatives with different DNA forms and cancer cells [26] . Two QA derivatives, N,N'-bis(methylpiperazinylpentyl) quinacridone (QAP, Fig. 1) and N,N'-bis(dimethyl-aminopentyl) quinacridone (QAT), were found strongly binding to all DNA forms in vitro. QAP and QAT could enter living cells and locate in whole cells, especially in nuclei. Interestingly, QAP and QAT did not show significant cytotoxicity. Because of their strong absorption in visible light region, high cellular uptake efficiency and negligible toxicity, QA derivatives may have the potential to serve as a new kind of photosensitizer of PDT. Here we investigated the photodynamic effects of QAP in solution, in cultured cells and in tumor xenograft mouse model.
Materials and methods

Materials
Quinacridone was bought from Tokyo Chemicals CO. LTD., 1,5-dibromopentane and methyl piperazine were purchased from J&K Chemical Technology Company, Ltd. (Beijing, China). pBR322 plasmid DNA was from Takra Biotechnology Co. LTD (Dalian, China). Cell Counting Kit-8 (CCK-8) and Annexin V-FITC Apoptosis Detection Kit were bought from Dojindo Laboratories. Reactive Oxygen Species Assay Kit was from Beyotime (Beijing, China). Stock solution of QA and QAP (1 mM) was prepared in phosphate buffered saline (PBS) with 1% DMSO. All solutions were prepared with deionized water purified by a UPHWIII-90T UP water purification system (Chengdu, China).
Cell culture
Cell lines A549 (non-small cell lung cancer) and Jurkat (peripheral blood acute T cell leukemia) were purchased from Cell Resource Center of Shanghai Institute for Biological Sciences (Chinese Academy of Sciences, Shanghai, China); LoVo (human colonic carcinoma) from Cell Culture Center of Institute of Basic Medical Sciences (Chinese Academy of Medical Sciences, Beijing, China). H1299 (human non-small cell lung cancer epithelial) from ATCC (Manassas, VA). A549, Jurkat and LoVo cells were cultured in RPMI-1640 (Gibco) medium (Gibco) supplemented with 10% FBS (fetal bovine serum, Corning) and 1% penicillin/streptomycin (Hyclone). H1299 cells were grown in DMEM (Hyclone) supplemented with 10% FBS.
Instruments
Confocal Imaging was carried out with an OLYMPUS FV1000-IX81 confocal laser-scanning microscope (Olympus Corporation, Japan). Cytotoxicity assay and ROS measurement were performed with a Spectra Max M5 (Molecular Devices, CA, USA). Cell apoptosis assay was performed with a FACS Calibur Flow Cytometer (BD Biosciences, San Jose, CA USA). Photon dynamic treatment was carried out with a laser diode (MW-GX-532, 532 nm), the laser was output with optical fiber. Fluorescence images of tumor and organs were taken in IVIS Lumina XR In Vivo Imaging System (Perkin Elmer USA).
Synthesis of QAP
N,N'-bis(5-(4-methylpiperazin-1-yl)pentyl)quinacridone (QAP) was synthesized and fully characterized as described in our previous paper [26] . The purity of QAP >98%.
Reactive oxygen species detection
ROS was measured by a reactive Oxygen Assay Kit using 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (DCFH-DA) as the fluorescence probe. For ROS generation in solution: QA or QAP (2 mM) was mixed with DCFH (10 mM) in PBS buffer (pH 7.4). 200 mL of mixture were irradiated under a 532 nm laser (500 mW/cm 2 ) for 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5 min. The fluorescence of DCF was collected with excitation/emission at 488/525 nm. For ROS measurement in cells: cells were seeded at desired concentration in covered glassbottomed confocal dishes (NEST Biotechnology Co. Ltd.); after cultured for at least 24 h, cells were washed three times and incubated with DCFH (10 mM) or DCFH(10 mM)þQAP (3 mM) for 30 min. After washing, cells were irradiated with a 559 nm laser and the fluorescence images well collected with excitation at 488 nm and emission at 500e525 nm.
DNA photocleavage study
Photocleavage of pBR322 plasmid DNA by QAP was studied by agarose gel electrophoresis. PBR322 plasmid DNA was dissolved in Tris-HCl buffer (pH 7.4) to a concentration of 10 ng/mL. Before being loaded onto the agarose gel, pBR322 plasmid DNA was mixed with QAP (2 mM) and irradiated by a 532 nm laser at the power density of 150 mW/cm 2 for different time at room temperature. Treated DNA in Tris-HCl buffer was loaded onto a 0.8% agarose gel. The running buffer was the 1 Â TBE buffer (pH 8.05). 30 mL of 0.5 mg/mL EB was added in the anode chamber. The electrophoresis was performed for about 40 min at 110 V and then gels was exposed to UV light and photographed. 
CCK-8 assay
The culture media of cells were replaced with 100 mL of fresh culture media containing 10% CCK-8 reagent, and further incubated for 0.5 h. The absorbance at 450 nm of each well was collected with a plate reader (MD, Spectra Max M5, CA, USA). Cell survival rate was determined according to equation:
where A, A s and A 0 are the absorbance of experimental group, control group without irradiation and blank group without cells.
Cell apoptosis assay
Jurkat cells were seeded in a 6-well plate at a density of
BALB/c SCID female mice (~18 g) were obtained from Shanghai SLRC Laboratory Animal Co., Ltd. All the experimental protocols involving animals were approved by Hunan University Laboratory Animal Center, and all the mice received humane care in compliance with the guide for the Care and Use of Laboratory Animals. The H1299 tumor models were generated by subcutaneous injection of 2 Â 10 6 H1299 cells in 100 mL PBS into the right shoulder of mice.
The mice were used for PDT when the tumor volume reached about 100 mm 3 .
Biodistribution of QAP
Mice bearing H1299 xenografted tumors were intraperitoneally, tail intravenously, or intratumorally injected with QAP (1 mM, 50 mL). The mice were sacrificed at 72 h after intraperitoneal injection, 24 h after tail intravenous injection or intratumoral injection. Tumors and other major organs were collected and measured for fluorescence intensity with an excitation bandpass filter at 535/ 30 nm and an emission at 610/75 nm.
In vivo photodynamic therapy
Mice bearing H1299 tumor were randomized into 4 groups (4 mice/group), i.e. PBS, PBS þ light, QAP, and QAP þ light groups. For treatment, the mice were received with PBS or QAP (1 mM, 50 mL) by intratumoral injection. The two light groups were irradiated for 9 min with a 532 nm laser (150 mW/cm 2 ) at 24 h post-injection.
Two days later, therapeutic agents were repeated injections and mice were again subjected to laser irradiation for 9 min. The tumor growth was monitored over 16 days after PDT treatment. Tumor size was monitored with a digital caliper every day and tumor volume was calculated as volume ¼ AB 2 /2, where A is the longer diameter and B is the shorter diameter. The body weights of all mice were measured every day.
Ex vivo histological staining
After PDT, tumors and major organs were collected from tumorbearing mice. Tissues were embedded in OCT solution (an embedding medium used for frozen tissue) and frozen at À80 C. Hematoxylin and eosin (H&E) stained (Beyotime Ltd) tissues were examined with Pannoramic MIDI (3DHistech Ltd, Budapest, Hungary).
Statistical analysis
Statistical analysis in this manuscript was performed by Oneway analysis of variance (ANOVA). Statistical significance was accepted at the level of p < 0.05. Data are presented as mean values ± SD.
Results and discussion
ROS generation of QAP under irradiation in solution and in cells
The ability to generate ROS under irradiation is a critical characteristic of a photosensitizer. Therefore, the ability of ROS generation of QAP under irradiation was measured by a ROS Assay Kit using DCFH-DA as the fluorescent probe. The oxidization of DCFH (no fluorescence) by ROS produces DCF with high fluorescence. The ROS generation in PBS solution is shown in Fig. 1a , strong fluorescence was observed in the mixture of QAP and DCFH-DA after irradiation under a 532 nm laser for 30 s; much weaker fluorescence was observed in the mixture of QA and DCFH-DA after irradiation for 3.5 min, and almost no fluorescence was observed in DCFH-DA only solution. This result suggests the high ROS yield of QAP under irradiation. The much lower ROS yield of QA under irradiation may due to its much lower solubility in PBS. Based on the high ROS yield of QAP under irradiation, cells were incubated with QAP and DCFH-DA, and then irradiated with a 559 nm laser after wash. The fluorescence from the cells was collected within 500e525 nm with excitation at 488 nm (Fig. 1b, Fig. S1 and S2 ). Cells only incubated with DCFH-DA did not show any fluorescence after irradiation for 15 min (Fig. S1) . However, the cells incubated with QAP and DCFH-DA showed continuously increased fluorescence within 15 min (Fig. 1b, Fig. S2 ). The fluorescence of DCF spread all over the cells, which is consistent with that QAP distributes in whole cells [26] . These results indicate that QAP can generate ROS under irradiation not only in solution but also in cells, suggesting the potential of QAP to act as a promising photosensitizer in PDT.
Some DNA binders exhibit the activity of photoinduced DNA cleavage through the generation of ROS [27] . Since QAP has been reported to bind different DNA forms [26] , its activity of photoinduced DNA cleavage was investigated using pBR322 plasmid DNA under irradiation with a 532 nm laser at room temperature. The cleaved DNA was analyzed on a 0.8% agarose gel. As shown in Fig. 1d , very little DNA damage was observed in the absence of QAP even after irradiation for 10 min, and in the presence of QAP without irradiation. However, DNA cleavage was observed in the presence of QAP after irradiation for 2 min. The cleavage efficiency increased with time. This result suggests that the photoinduced DNA cleavage may be one of the mechanisms of PDT efficiency of QAP.
Photocytotoxicity of QAP
Our previous paper has reported the negligible cytotoxicity (dark-toxicity) of QA derivatives, including QAP [26] . The photocytotoxicity of QAP was evaluated by measuring the cell viability after irradiation of QAP treated cells and then growth for 48 h. Considering that QA cannot enter cells, it was used as a negative control. Fig. 2a shows the viability of A549 cells treated with different concentrations of QAP and irradiated (100 mW/cm 2 ) for 2 min, which indicates a strong photocytotoxicity of QAP with IC 50 value of 0.1 mM. Fig. 2b shows the viability of cells treated with 2 mM QAP and irradiation (100 mW/cm 2 ) for different time, which indicates a light dose-dependent cytotoxic effect of QAP. The cell viability decreased to 30% after only 10s irradiation, further confirming the strong photocytotoxicity of QAP. Confocal microscope observation of QAP treated cells under irradiation (559 nm) showed the formation and growth of apoptotic bodies and cytoplasmic blebs (indicated by yellow arrows) during the irradiation (Fig. 2c, Fig. S3-5 ), implying the cell apoptosis induced by the photoactivation of QAP To further investigate the possible photocytotoxity mechanism of QAP, the cell apoptosis assay were performed. Jurkat cells were incubated with QAP and irradiated. Then the cells were stained by annexin Vfluorescein and PI after further incubation for a different time. The flow cytometry results (Fig. 2d) showed that most cells were alive just after the irradiation (result of 0 h). After 1.5 h incubation, most of cells were in the early stage of apoptosis as shown in lower right quadrants (Annexin V þ and PI À ). With further increase of incubation time, the early apoptotic cell population decreased and the late apoptotic/dead cell population (upper right quadrants, Annexin V þ and PI þ ) increased until most of cells were in the late apoptotic/ dead stage after 12 h incubation. These results suggest that ROS generated by photoactivated QAP caused cell apoptosis, and subsequently resulted in cell death.
In vivo study
To gain insight into the PDT efficiency of QAP in an animal model, we examined the in vivo tumor target specificity and therapeutic potential of QAP in H1299 cell xenografted BALB/c SCID mice. To find out the distribution of QAP in vivo, we intraperitoneally, tail intravenously, or intratumorally injected mice with QAP and measured the ex vivo fluorescence distribution in organs at indicated times. After tail intravenous or intratumoral injection, QAP preferentially accumulated in tumor site other than normal liver, kidney, heart, lung, and spleen tissues. After intraperitoneal injection, QAP fluorescence was found in all tested organs including tumor tissues (Fig. S6) , confirming that QAP can target tumors in vivo.
To ensure the same amount of QAP in tumors, we used intratumoral injection for further photodynamic therapy. When the tumor sizes reached approximately 100 mm 3 , the mice were randomly divided into 4 groups (PBS, PBS þ light, QAP, and QAP þ light) and received with PBS or QAP (1 mM, 50 mL) by intratumoral injection. The two light groups were irradiated under a 532 nm laser (150 mW/cm 2 ) (Fig. 3a) as described in experimental section. The body weights were recorded, and tumor sizes of each group were measured by a caliper every day after the above treatments. The mean body weights in all groups did not show noticeable change (18e20 g) within 16 days (Fig. S7) . Tumors in the three control groups grew rapidly within 16 days. In contrast, the tumor in the QAP þ light group did not show noticeable growth (p < 0.05) (Fig. 3b and c) . Histochemical analysis of tumor tissue revealed severe cell death in the QAP þ light group compared with that in the three control groups (Fig. 3d) . Histochemical analysis of liver and kidney show no cell injury in all groups (Fig. S8) . These results suggest the innocuity of QAP itself and the high photoactivated antitumor effect of QAP. QA derivatives have a linear five-ring-fused aromatic core, i.e.
three benzene rings alternated with two 4-pyridones. This large pconjugated core allows QA derivatives to possess strong absorption and high photoluminescent efficiency, which also the decisive factor of the high PDT efficiency of QAP Previously, we have demonstrated that the side chains on QA greatly affect the pharmacokinetic properties of QA derivatives, such as biodistribution and cellular uptake [26] . QAP is a QA derivative with two methylpiperazinylpentyl side chains, this side chain greatly improve the cellar uptake and allow QAP to locate in whole cells, which makes QAP exhibit high PDT efficiency in cells and in vivo. The low darktoxicity of QA derivatives and the high PDT efficiency of QAP suggest the great potential of QA derivatives to be a new class of leading compound of photosensitizers in PDT. 
Conclusion
In summary, QAP was investigated as a photosensitizer. QAP generated ROS under irradiation not only in solution but also in cells, which resulted in DNA cleavage, cell apoptosis and subsequently cell death. In vivo experiments demonstrated that under the irradiation with a 532 nm laser, QAP greatly inhibited the tumor growth. The low dark-cytotoxicity and high photo-cytotoxicity in cells and in vivo suggest great potentials of QAP as a good photosensitizer for PDT. Our results provide deep insight into the exploration of QA derivatives as new photosensitizers in the PDT.
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